The integrated power system under consideration, consists of the fuel processor (reformer and preferential oxidation reactors), the fuel cell and the heat management system. In the reformer reactor, methanol, air and water are co-fed to produce hydrogen under autothermal conditions. The produced hydrogen due to the high content of CO (>5000ppm), is treated in the preferential oxidation reactor (PROX) for the CO minimization at acceptable levels (<50ppm). After the oxidation clean-up step, the anode of the polymer electrolyte membrane (PEM) fuel cell is fed with the reformate gas (~60-65% H 2 , ~15-25% CO 2 , ~15-20% N 2 , ~1-3%CH 3 OH and traces of CO). The present paper is focused on the mathematical analysis of the main subsystems of the integrated power unit. The two reactors are modeled via a system of partial differential equations (PDE's) and the species flowrates and reactor temperature are analyzed along the length of each reactor. Moreover, the PEM fuel cell voltage-current characteristic is modeled via a non-linear equation that depends on the mass & energy balances (ordinary differential equations) of the concerned species. Finally, the heat management system is analyzed in order to provide insights for future control studies that will depend on the developed mathematical model (model-based control).
INTRODUCTION
Alternative methods for cleaner energy production require the exploitation of renewable and alternative energy sources. Solar and wind energy exploitation is of usual interest in stand-alone applications [1] , but for portable and transportation usages, biomass resources are used. A characteristic of alternative integrated power systems is the use of hydrogen as an intermediatte energy source. Hydrogen is used for power generation in fuel cells and its production is usually fulfilled by hydrocarbons reforming, such as methanol [2] . Methanol advantages include the flexible storage abilities, the presence of high H:C ratio and no C:C ratio and also the absence of high reforming temperatures and sulphur oxides that are usually met in natural gas and gasoline reforming. Steam reforming, partial oxidation and autothermal reforming, are the three main processes for producing hydrogen from methanol [3] . Steam reforming leads to a high level of hydrogen at the outlet stream (~75%), but is a reaction that is endothermic and requires heat to be provided by an external source (e.g. burner). Partial oxidation eliminates the use of a burner, but the high temperatures lead to the formation of hot spots in the catalyst, while the produced hydrogen remains at low levels (~45%). In the autothermal steam reforming, oxygen, water and methanol are co-fed to the reformer and the reactants ratios are chosen in such a way, so that a slightly exothermic or thermally neutral reaction scheme can be achieved [4] . Hence, autothermal reforming eliminates the disadvantages of the above procedures and is considered the most effective method for hydrogen production at an autonomous power unit that uses methanol. On the other hand, hydrocarbons reforming cause the production of CO at levels that poison the anode of PEM fuel cells. Among all processes reported for the minimization of CO content, preferential oxidation is considered to be the simplest and the least expensive method [5] .
Review in literature reveals a scarce number of studies dealing with integrated systems. Most studies focus on each subsystem and PROX reactors have been modelled using 2D steady-state models [6] , while steam reformers have also been modelled using axial distribution models [7] . In one of the very few papers on integrated systems, Stamps A. T. and Gatzke E.P. [8] , developed and implemented a system level model of a vehicular reformer-PEM fuel cell stack power system without focusing on the system dynamic interactions. Hence, the main target of this research work is to present a complete study of an integrated system under operation. Aim is the effective integration of the developed mathematical models of the subsystems. Based on them the system dynamic results will be presented and discussed for simple case scenarios applied. Moreover, an analysis on the heat management system will be given in order to provide insights for future control studies. Methanol and water are evaporated and preheated with the use of a burner before their introduction to the reformer (0.15m length and 0.1m diameter). At the same time, air is preheated and also introduced to the reformer to provide the necessary heat to the system. The ratios of the reactants are chosen in such a way, so that the overall process in the reformer is considered adiabatic. Since CO production takes place at the reformer, its minimization is required. At the PROX reactor (0.1m length and 0.1m diameter), CO and H 2 oxidation take place:
Hydrogen Oxidation
The main objective of the PROX reactor is to keep the CO concentration at a maximum limit of 50 ppm by using efficiently the O 2 /CO ratio. From Aspen Plus ® simulations, its value for the current study is higher than 1 for a CO conversion >95%, but could vary severely with the inlet CO concentration. For all the aforementioned reactions, kinetic expressions of the Arrhenius type are selected and their main form is presented in [2] .
In the final step, the hydrogen rich-stream is fed to the anode of the PEM fuel cell, where protons (H + ) and electrons (e -) are released and react with oxygen (fed via air supply) at the cathode to form water [9] :
II. MATHEMATICAL DESCRIPTION OF THE SUBSYSTEMS

A. Reformer and PROX reactors
The model equations for the two catalytic reactors consist of the standard material and energy balances for a packedbed type reactor and are in partial differential form. In order to simplify the model and reduce the computational effort needed to simulate all the subsystems, a number of assumptions is employed: 1) The ideal gas law is applied for all gas components, 2) no diffusion phenomena are assumed to take place from the gas phase to the surface of the catalyst 3) constant reactor pressure (no system pressure drop) and fluid velocity, 4) constant physical properties over the range of conditions in the system and 5) the temperature in the cooling jacket of the PROX reactor is aprroximately uniform and the resistance to heat transfer occurs primarily between the reactor contents and the wall of the tube (being at the cooling medium temperature). With the above assumptions, the tubular reactors can be adequately described by a pseudohomogeneous, two dimensional mathematical model. 
Material Balance Equation
In the solution of the reformer, h w is 0 and for the PROX ≠0. For the discretization of the distributions, the method of centered finite difference (2 nd order) was used. The discretization of the axial and radial distribution was performed for 50 and 5 intervals, respectively.
B. PEM Fuel Cell
The ideal fuel cell voltage is equal to the thermodynamic potential, divided by the flow of the charge for the two electrons that are released [9] :
However, the actual voltage is less due to activation losses (V act ), ohmic losses (V ohmic ) and concentration losses (V mtl ) [9, 10] :
V act , V ohmic and V mtl losses, depend on the partial pressures of the reactants and on the fuel cell temperature [9, 10] . The mass balance at the anode and cathode is given by Eq. (22):
The last part of the equation is positive when water production is considered and negative for hydrogen and oxygen consumption. The thermal model describing the fuel cell temperature is [10] :
R a and R int are reristances that are related to activation and ohmic losses respectively, and are given by non-linear equations [10] .
Based on the experimental results presented in [2] , validation with the above mathematical model has been performed both for the reformer and PROX. Figures 2 and 3 show the comparison between the experimental data and mathematical model for the two reactors, respectively. The deviation between simulated and experimental values is within the experimental error (less than 5%) and only in low PROX temperatures a higher deviation is detected but considered negligible, since PROX operates in temperatures 
III. DYNAMIC RESULTS FROM THE OPERATION OF THE INTEGRATED POWER SYSTEM
For the presented case study, the reformer operates at 300 o C and the selected ratios are H 2 O/CH 3 OH:1.5 and O 2 /CH 3 OH:0.14. Moreover the PROX temperature is 200 o C and the O 2 /CO is 2. The flowrates of the reactants and the temperature at the inlet of the reformer do not have a sharp constant value at the start of the simulation time, but a value that increases smoothly with time and reaches its steady state value after a few seconds. Fig. 4 shows the methanol flowrate consumption along the reactor length where at the end of the reformer, methanol conversion reaches approximately 99%. An interesting result is that methanol is consumed very fast at the short lengths (<0.05m) of the reformer and more slowly through the rest of reactor. Similarly, hydrogen and carbon dioxide flowrates (Fig.  5) , increase with time and along the length reactor due to the consumption of methanol and reach their steady value after ~15s. 6 shows that CO content increases rapidly at the short lengths of the reformer and through the rest of the reactor its increase is considered to take place more slowly. The reason behind this behavior is that most of the methanol has been consumed and CO has nearly reached equilibrium conditions. Finally, Fig. 7 presents the temperature profile in the reformer, where it can be seen that initially the temperature in the various positions in the reactor is decreased because low temperature gas mixture passes, but after ~3s, the temperature is moved to higher levels. In general, it can be said that the endothermic reactions prevail and the temperature is moved to lower levels, while the smooth increase of temperature at the inlet of the reactor inhibits the hot spots that are usually detected at the short lengths of the reformer due to the exothermic reaction of partial oxidation. The inlet flowrates of the PROX are equal to the outlet flowrates of the reformer, but the reformer exit is assumed to be cooled to the PROX operation temperature. However, the dynamics of heat exchangers are omitted for this study. Fig. 8 shows the carbon monoxide concentration along the PROX length. As can be seen, carbon monoxide decreases along the length of PROX with time and eventually at the end of PROX, carbon monoxide levels are at acceptable levels for use in PEM fuel cells. Special caution however should be given to the O 2 /CO ratio that mainly affects the CO conversion. Based on the CO content at the reformer exit, the air feed rate at the PROX is manipulated accordingly in order to always have a constant value at the ratio of O 2 /CO (an equivalent of a feedforward control scheme). The temperature profile of PROX is presented in Fig.9 . The highly exothermic reactions cause the sharp increase inside the reactor and thus, making the control system essential in controlling the temperature at acceptable levels. Eventually, temperature is moved to lower temperatures due to the coolant effect. It is highlighted that the temperature levels presented refer to an average value in the radial domain calculated by Eq.10. At the wall of the tube the temperature is lower than 200 o C which mainly results in the initial temperature decrease. The operation current is set at 100 which is assumed to reach its steady-state value rapidly (<10sec). At the start of the simulation time, the voltage decreases due to the sharp increase of the operation current (<10sec), but as the temperature increases (Fig. 11) , the voltage increase is favored and reaches its steady-state value after about 300sec. Table I presents the effect of the H 2 O/CH 3 OH ratio on CO and hydrogen production at the reformer. The increase in the water content, increases the hydrogen production because methanol conversion is increased, but the most important impact is the decrease of CO content due to the water-gasshift reaction which favors the PROX operation. Similarly, table II presents the effect of the O 2 /CH 3 OH ratio on CO and hydrogen production and also to the peak temperature in the reformer. As can be seen, the increase of the O 2 /CH 3 OH ratio, causes an increase in hydrogen production since methanol conversion increases (reaches ~100%). Nevertheless, increased oxygen content causes an increase in the temperature levels that favor the CO production. As it is obvious the selection of H 2 O/CH 3 OH:1.5 and O 2 /CH 3 OH:0.14 is considered satisfactory as the hydrogen production remains at high levels and CO at low ones, which makes easier the minimization of CO at the PROX reactor.
A. Case Scenarios
Moreover, high temperatures are excluded with the use of a lower O 2 /CH 3 OH ratio.
IV. ANALYSIS ON THE HEAT MANAGEMENT SYSTEM OF THE INTEGRATED POWER SYSTEM
As described in Fig.1 , heat management is required in various positions of the integrated system. The outlet of the two reactors needs to be cooled down before proceeding to the next subsystems, but the most challenging part in the modeling of the heat management system is the burner. In the burner, the fuel cell anode-off gas (contains unreacted hydrogen and a mixture of CO 2 , N 2 , CH 3 OH and traces of CO) enters the burner and provides heat to be used in the inlet reactants. However, as was found from Aspen Plus ® simulations, the produced heat is lower than system heat requirements and additional methanol is needed to meet the demands. The additional methanol will be higher at the startup of the system (no anode-off gas will be present), but gradually the additional methanol will be decreased. Hence, the mathematical model needs to be accurate enough to be used in future control studies. Model predictive control is a suitable control scheme to be applied in such a power system, since the integrated unit will be studied under the developed mathematical model. The required power profile will be given as input and methanol flowrate will be manipulated to produce the hydrogen needed to serve the load demand. In the meantime, CO and temperature levels will be restricted in bounds in order to protect the various subsystems from deterioration (mainly PROX and fuel cell). All these consequent changes will be decided based on the minimization of an objective function that will take into account all the system necessary constraints.
V. CONCLUSIONS
An integrated power system for the production of hydrogen via autothermal reforming of methanol has been studied in this paper. The developed mathematical model for the two reactors and the PEM fuel cell was well found to simulate the dynamic operation of the unit where all the subsystems are connected to each other. The next step will be the integration of the heat management system (burner and heat exchangers) where the developed control scheme will try to maintain the variables of concern at their desired values (set points). 
